Cells undergo controlled changes in morphology in response to intracellular and extracellular signals. These changes require a means for sensing and interpreting the signalling cues, for generating the forces that act on the cell's physical material, and a control system to regulate this process. Experiments on Dictyostelium amoebae have shown that force-generating proteins can localize in response to external mechanical perturbations. This mechanosensing, and the ensuing mechanical feedback, plays an important role in minimizing the effect of mechanical disturbances in the course of changes in cell shape, especially during cell division, and likely in other contexts, such as during three-dimensional migration. Owing to the complexity of the feedback system, which couples mechanical and biochemical signals involved in shape regulation, theoretical approaches can guide further investigation by providing insights that are difficult to decipher experimentally. Here, we present a computational model that explains the different mechanosensory and mechanoresponsive behaviours observed in Dictyostelium cells. The model features a multiscale description of myosin II bipolar thick filament assembly that includes cooperative and force-dependent myosinactin binding, and identifies the feedback mechanisms hidden in the observed mechanoresponsive behaviours of Dictyostelium cells during micropipette aspiration experiments. These feedbacks provide a mechanistic explanation of cellular retraction and hence cell shape regulation.
Introduction
The regulation of cell morphology marks an important step during pattern formation and cell-type specialization in multicellular development [1] [2] [3] [4] . In amoebazoans and metazoans, the shape of most cells is largely determined by the actin cytoskeleton, a network consisting of actin filaments and crosslinking and motor proteins. Other proteins connect this network to the plasma membrane allowing external forces to influence the actin cytoskeleton. Cell morphology is influenced by both internal and external forces acting on the cell's physical material, all under the regulation of biochemical signalling pathways [5] . Internal forces could be generated by actin filament assembly and disassembly dynamics and by myosin motors acting upon these filaments [4, 6] , or owing to changes in osmotic pressure [7] . The external forces are those that arise from the cell's interactions with neighbouring cells or the extracellular matrix [7] . Propagation of these forces through the actin network also depends on the actin-cross-linking proteins, which link the filaments together establishing the network.
Although cell shape changes are usually envisioned as open-loop processes in which forces acting on the physical material of the cell lead to changes in morphology, ample evidence demonstrates that the mechanical response of cells to forces is highly regulated [1, 4, 8, 9] . For example, Dictyostelium cells subjected to mechanical stresses through micropipette aspiration (MPA) or agar overlay respond by locally recruiting motor (myosin II) and other cross-linking proteins (e.g. cortexillin I, a-actinin, fimbrin, etc.) to the site of applied stress [10, 11] . This response suggests the existence of a mechanism for sensing and actively controlling cellular shape. Further experiments have demonstrated that this mechanosensation acts by regulating myosin II bipolar thick filament (BTF) assembly-disassembly dynamics [12] , and that the external force applied on the cell membrane is directly transmitted to the cell cortex by membrane-cortex anchoring proteins and is shared between myosin II and other actincross-linking proteins [13] . Furthermore, depletion of any of the actin cross-linkers leads to a redistribution of the force that would be borne by that cross-linker on to the remaining proteins resulting in greater mechanosensitive myosin II accumulation [13] . This accumulation of myosin II and specific actin cross-linkers allows the cell to counteract the strain induced by internal or external mechanical stresses, so that the cell can control its resulting shape.
This mechanochemical system connects the cell's forcegenerating proteins with its mechanosensory system, forming a biomechanical feedback loop. Owing to the complexity of the mechanochemically interlinked feedback loop, understanding the mechanisms of this shape control calls for the development of theoretical approaches that can guide further experimentation and investigation. Such theoretical approaches offer insights that are difficult to discern from experiments alone. A first step towards explaining the mechanosensory step was the development of a dynamical model of myosin BTF assembly with force-sensitive steps [12] . Incorporation of cooperative and force-dependent myosin-actin binding led to simulations that successfully recreated the cooperative binding of myosin to actin observed experimentally [14] . While this model explains the accelerating (or rising) phase of mechanosensitive myosin II accumulation observed during MPA experiments, it was not designed to address the feedback effect of myosin accumulation and hence the biphasic kinetics observed experimentally. A parallel effort considered the effect of myosin II accumulation on cell morphology [13] . Viscoelastic descriptions of both wild-type (WT) [15] and genetically modified Dictyostelium cells [13] were obtained based on MPA experiments. Using experimentally measured myosin II intensities arising in response to applied stress, a dynamic description of the total stress acting on the cell was calculated. Simulations that assumed that this stress acted on the viscoelastic models recreated the observed pattern of deformation of the cells [13] . Once again, however, this model did not address the feedback nature of the interaction between myosin mechanosensory accumulation and stresses generated.
In summary, the above-described models independently explain the parts of the mechanosensitive accumulation and ensuing cellular retraction, but do not delineate the mechanochemical regulation hidden in this mechanosensing and mechanical feedback system. In this study, we present a generalized biomechanical feedback model by expanding and coupling the previously established model for BTF assembly to explain the biphasic nature of mechanosensitive myosin accumulation and the ensuing cellular retraction as observed in MPA experiments. Specifically, we are now able to explain an entire cell morphological event including the initial change in cell shape, the molecular dynamics of myosin-II-mediated accumulation and the resulting contractility, all of which is stimulated by a single initial signal input, specifically an applied stress. Further, the biomechanical feedback model suggests the presence of a new element of myosin II regulation, namely a compliant element in the myosin II tail, which allows for indirect regulation of an enzyme where mechanical force acts upon the enzyme's substrate.
Material and methods

Description of forces acting in an aspirated cell
Cellular deformation is a function of net stresses acting on the cell's material along with the mechanical properties of a cell. Total stress transmitted to the cell cortex is given by a balance of internal and external forces acting on an aspirated cell (figure 1a). This balance is given by
Here, s applied represents the externally imposed mechanical stresses (e.g. from the micropipette aspirator) and s internal is the sum of all internally generated stresses. Some of the latter arise from cortical tension, and some are due to active myosin-II-driven contractility [15, 16] . For example, based on the Young -Laplace equation for liquid interfaces, the equilibrium surface tension experienced by a spherical cell of radius r is s ten ¼ 2g ten =r [17] . Because the local curvature (or radius) of the cell is different between the aspirated and non-aspirated ends, this contribution differs between the two ends. We denote s ten ðr L Þ and s ten ðr R Þ as stresses on the left (non-aspirated) and right (aspirated) sides, respectively, and the net stress as s ten ðr L Þ À s ten ðr R Þ. We also account for the increased stresses on the aspirated side owing to accumulation of actin crosslinking proteins (Ds cross ) and myosin II (Ds myo ). Both these terms are functions of the local concentration of myosin II and cross-linkers, denoted by I myo , and I cross , respectively, at the aspirated end of the cell. Thus,
For an aspirated cell at rest, the net stress at the site of aspiration (s ten ðr R Þ) balances the stress from the non-aspirated side (s ten ðr L Þ), which maintains the spherical shape of the cell. During aspiration, the cortical tension again resists the externally applied stress and rejects the shape disturbance imposed by external stress. For this reason, the signs in front of s ten ðr R Þ, Ds cross ðI cross Þ and Ds myo ðI myo Þ in the above equation are all negative. In practice, the accumulation of cross-linkers and myosin II differs, though there is a strong correlation between the two [10, 14] . To keep the model simple, we assumed that the increase in accumulation of the cross-linkers is the same as that of myosin II; i.e. I cross ¼ I myo .
In our simulations, unless otherwise stated, s applied is taken to be 1 nN mm
22
. The stress from the resting cortical tension on the non-aspirated side of the cell s ten ðr L Þ is given by the Young -Laplace equation
where g ten 0 is the resting cortical tension which is measured by MPA experiments on each of the cell types considered. The measured values are listed in table 1. R c is the spherical cell radius (5 mm). The stress from resting cortical tension at the aspirated side s ten ðr R Þ is also given by the Young-Laplace equation. However, the curvatures are different between the aspirated and non-aspirated sides. Therefore,
where R cap is the radius of the spherical or hemispherical cap formed inside the pipette. This radius transitions from the radius of a spherical cell to that of a pipette over the course of aspiration and can be written as a function of cellular protrusion length (L p ) from the geometric relations connecting R cap and L p (derived in [15] Table 1 . Values of viscoelastic model parameters used in simulations of generalized biomechanical feedback model. strain cortical tension [13] viscoelastic parameters [13, 14] the site of aspiration owing to accumulation of cross-linking proteins, and I cross is the intensity of cross-linkers accumulated at the tip of the aspirated cell. Finally, the accumulated cross-linker intensity I cross is normalized against the steady-state intensity, I ss . The increase in resistive stress from the motor activity of mechanosensitive myosin accumulation (Ds myo ) is given by the formula
As myosin BTF is the functional form of myosin with the ability to generate contractile force, the amount of myosin in BTF form over the volume of hemispherical cap in the pipette is first calculated. To determine this BTF amount, we calculated the concentration of myosin in BTF form (C BTF ) over the surface of the hemispherical cap and multiplied by the cortex thickness (h ¼ 0.5 mm), and Avogadro's number (N A ). The number of molecules in BTF form is then multiplied by 2 to account for the number of heads in a myosin II monomer. To calculate the contractile force from myosin, we multiply the number of molecules in BTF form by the force per head (F/H ¼ 4 pN) and duty ratio (0.06, assuming a 10-fold shift owing to externally imposed load from the unloaded duty ratio value of 0.006 [18] ). Finally, we calculate the resistive stress from myosin force by dividing the surface area of the hemispherical cap.
Bipolar thick filament assembly model
The functional form of myosin II is the BTF, which is a macromolecular assembly formed by the association of tails of myosin II motors. The myosin heads on these assembled BTFs pull the anti-parallel actin filaments, generating the contractile force necessary for cell movement [19] .
The first step in the BTF assembly process is the conversion of assembly incompetent ( M) to assembly competent myosin monomers (M). The interconversion between the two states is governed by myosin heavy chain kinase (MHCK) and phosphatase. Furthermore, in vitro experiments using actin filaments and purified Dictyostelium myosin II revealed that the self-association of myosin monomers into BTFs is accelerated by the presence of actin filaments, and that this accelerated myosin assembly requires transient binding of myosin to actin before incorporation into BTFs [20] . The effect of actin filaments on myosin assembly has been incorporated into the BTF assembly scheme through the actin-bound assembly incompetent ð M Ã Þ and competent (M * ) myosin monomer forms. Further, the actin-bound competent myosin monomer (M * ) form is considered to be the fundamental unit of BTF assembly. Then, M * undergoes parallel association to form dimers (D * ). These dimers then associate in an anti-parallel fashion to form the tetramer ð T Ã Þ. The process of assembling a tetramer from monomers constitutes the nucleation process of BTF assembly. The dimers then add laterally to the bipolar tetramer to build the BTFs, which range in size from 3 to 36 dimers for Dictyostelium myosin II. The assembly scheme describing this process is illustrated in figure 1b . The dynamics of BTF assembly can be modelled using reaction -diffusion equations (2.1) -(2.9).
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where each of the C terms describes the concentration of the specific species. In theory, the system of reaction -diffusion equations could be extended up to BTF rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150512 detachment of bound myosin from actin is force-dependent [30] , and the isometric, cooperative binding state yields a slower unbinding rate ( [14] and references therein), the effect of cooperative and force-dependent myosin actin interactions is incorporated into the rate constant k 21 . The form used to describe this molecular dependency is based on a molecular-level catch bond model proposed by Bell [31] .
Based on the Bell model, k 21 can be written as
where k 0 À1 is the unbinding rate constant in the absence of force and cooperative interactions, and DE b is the change in binding energy (E b ) associated with cooperative and force-dependent myosin II -actin binding, which can be written as
11Þ
Here, the first term, DE s , is the change in strain energy (E s ) associated with myosin-actin cooperative interactions and is calculated from mean-field approximations of myosin-actin binding [14] . The second term in equation (2.11) corresponds to the fraction of total transmitted force (F total ) or stress (s total ) that is shared between bound myosin heads (am). The change in strain energy, DE s , can be approximated as a piecewise linear function given
where f is the fraction of myosin bound to F-actin; x 1 and x 2 are the slopes of the mean-field approximation of myosin-actin binding. The bound myosin fraction f is related to bound myosin (m) and actin concentration (C actin ) by the following relation
The factor 3 comes from the assumption that each binding site consists of three neighbouring actin monomers in a double helical actin filament ( [14] and references there in). Following the above relation, equation (2.12) can also be written in terms of bound myosin concentration (m). The bound myosin concentration (m) introduced in equation (2.12) and equation (2.13) is written in terms of bound myosin monomer concentration in BTF form as
ð2:14Þ
Based on the force-sharing model resulting from experiments on interphase Dictyostelium cells, WT myosin bears approximately one-seventh of the transmitted force and deletion of several other cross-linkers increases the force borne by myosin. Therefore, the fraction of transmitted force borne by myosin based on the force-sharing model can be written as force fraction ¼ I myo ðtÞ I ss = 6 þ I myo ðtÞ I ss :
ð2:15Þ
Here, I myo (t) is the accumulated myosin intensity ratio. This is normalized against the steady state myosin intensity ratio (I ss ). I myo (t) is the ratio of total myosin concentration at the tip (I p ) and the opposite cortex (I o ) of an aspirated cell
This expression calculates the total myosin concentration in terms of the number of myosin monomers in each of the higher-order forms (i.e. dimers, tetramers or BTFs). Although the effect of cross-linking proteins could be incorporated into figure S1 ).
Linking viscoelastic mechanical model to feedback model to explain cellular deformations
To explain the cellular deformation resulting from mechanosensitive myosin II accumulation, a viscoelastic model of Dictyostelium cells previously obtained from MPA experiments [15] is coupled to the BTF assembly model with force feedback ( figure 1c,d ).
The viscoelastic model used here is a system consisting of two elements: a damper (g a ) in series with the parallel combination of a damper (g c ) and elastic (k c ) element [13, 15] . The displacement of the two elements is denoted by x a and x c , respectively. For an applied stress, s total , the rate of change of displacement of the two elements is given by
The total displacement of the two elements, x ¼ x a þ x c , is also the L p of a cell aspirated into a micropipette. Thus, the rate of change of total displacement or cellular deformation is given by
The total displacement is obtained by solving the following system of equations d dt
ð2:16Þ
Solving the equations pertaining to the complete biomechanical feedback model
The complete biomechanical feedback model consists of (1) partial reaction-diffusion equations ((2.1)-(2.9)), including the equations ((2.10)-(2.13)) for cooperative and force-dependent myosin-actin binding, all of which describe the BTF assembly scheme; (2) compartmental ordinary differential equations (3.1) that describe the conversion between the various BTF assembly states; and (3) ordinary differential equations (2.16) accounting for the cellular deformation.
These equations were solved using Comsol MULTIPHYSICS (Burlington, MA, USA) v. 4.3. The spatial simulations assumed the three-dimensional geometry of an aspirated cell, with stress profile s total cos(u) applied to the tip of the aspirated cell. All equations pertaining to the complete biomechanical feedback model were first solved at steady-state using a nonlinear stationary solver, and the resultant solution was used as the initial condition for subsequent time-dependent solutions. For timedependent solutions, a multifrontal massively parallel sparse direct solver, along with a backward differentiation formula time-stepping method was used. For most of the simulations, the time step for the computation was allowed to be chosen by the solver through the 'free' time-stepping option with a maximum time step chosen by the solver fixed to 0.1 s. These simulations took approximately 1 -5 h of CPU time on a desktop machine for a total simulated time of 300 s. However, for certain rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150512 parameters in the BTF assembly scheme, the above-described simulation setting gave rise to numerical instabilities. To overcome these numerical instabilities, an 'intermediate' timestepping option along with a fixed time step of 0.05 s was used. These simulations took approximately 20 h of CPU time on a desktop machine for a total simulation time of 300 s.
Results
Mechanosensitive myosin II accumulation during micropipette aspiration experiments displays biphasic kinetics
When WT or genetically modified Dictyostelium cells are subjected to constant mechanical perturbation through a micropipette aspirator, myosin II is recruited to the site of deformation [10, [12] [13] [14] (figure 1a). The kinetics of myosin II accumulation in each of the cell types can be characterized as three distinct temporal phases: an initial accelerating accumulation, followed by a plateau, and subsequent decay (figure 2, left panels; [13, 14] ). The cooperative rising phase can be explained by the presence of a positive feedback loop that is formed by force-dependent cooperative interaction between myosin and actin [14] . This cooperativity, however, does not explain the ensuing plateau and eventual fall. We conjectured that the biphasic accumulation of myosin II could be due to a build-up of myosin-II-driven contractile stress that arises from increases in myosin II localization. Thus, the contractile force generated by myosin accumulation would close a negative feedback loop that would help to counteract the applied external stress. In mutant cells lacking specific actin cross-linkers, the magnitude of myosin II accumulation is higher than in WT cells. Moreover, in several rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20150512 of these cell types, this accumulation is accompanied by retraction of cells from the micropipette despite maintaining a constant aspiration pressure ( figure 2, right panels) . We hypothesize that the increased accumulation is due to a redistribution of force that increases the amount of stress borne by myosin II and the remaining cross-linkers [13] . This greater accumulation likely increases the cortical resistance leading to the observed retraction of cells.
Force feedback alone is not sufficient to recreate the biphasic response
To explore quantitatively the observed biomechanical regulation during mechanosensitive myosin II accumulation, we developed a computational model that accounts for the feedback effects arising from myosin accumulation (figure 3a). We first identified the total stress transmitted to the cell cortex (figure 1a; §2). To explain how stress leads to myosin II accumulation, we used a mathematical model that describes stress-dependent myosin II BTF assembly (figure 1b; [14] ). This model couples cooperative and forcedependent myosin actin binding to the myosin II BTF assembly scheme ( §2). We simulated the system assuming an externally applied stress, but without incorporating any effect arising from the accumulation of myosin (i.e. Ds cross ðI cross Þ ¼ Ds myo ðI myo Þ ¼ 0). In other words, the change in binding energy (DE b ) associated with myosinactin binding described in equation (2.11) is a function of externally applied stress and resultant DE s only. These simulations recreated the stress-dependent accelerating phase of myosin accumulation (figure 3b, no feedback). However, the accumulation did not stabilize, but rose unboundedly. Thus, the existing BTF assembly model cannot explain the complete biphasic nature of the response. We next incorporated the effect of accumulating myosin II on the externally applied stress given in equation (2.11). Specifically, because application of an external stress increases myosin II accumulation, we conjectured that this would lead to greater contractile stress, which can counteract the applied stress. The mechanosensitive accumulation of myosin II slowed down in simulations of this simple model, but the experimentally observed biphasic response was not recreated (figure 3b, with feedback). Increasing the strength of the negative feedback loop eventually led to simulations in which myosin II stopped accumulating, but the magnitude of the peak myosin II accumulation and the resulting change in L p arising from cellular deformation differed greatly from those seen experimentally (data not shown). These simulations confirm that negative feedback from an increase in contractile stress induced by mechanosensory myosin II accumulation may explain some of the experimental observations. However, they also suggest that, in addition to the force feedback, other unidentified mechanisms must be incorporated into the mechanosensory model.
Strained myosin -actin unbinding along with force feedback can explain multiple phases of myosin accumulation and ensuing cellular retraction
To further explore the origin of the biphasic nature of myosin II accumulation, we considered the myosin II -actin interaction cycle before and after stressing the cytoskeletal network with an external force (figure 4a). Before an external force is applied, the network can be assumed to be at a steady state in which actin filaments and any bound BTFs are unstrained. Immediately after application of the external force, the filaments become strained. Owing to this external force, tension in the actin filaments increases, causing the motors of strained myosin BTFs to experience more load, locking onto the actin filaments in the isometric, cooperative binding state. As more myosin II motors accumulate locally and assemble into BTFs, these heads begin to share mechanical force, allowing the heads to unbind from and rebind to the actin filament. During this rebinding process, the stress extending across the BTF can relax. We hypothesized that the strained myosin BTFs locked onto actin filaments, contribute to an increase in E s associated with myosin-actin binding, resulting in a cooperative mechanosensitive myosin accumulation. Moreover, we conjectured that the E s decreases as BTFs convert from a strained to an unstrained state. This effect, in addition to the contractile force feedback from the accumulation of myosin and other actin cross-linkers, is likely to contribute to the falling phase of mechanosensitive myosin accumulation observed in experiments.
To test this hypothesis, we incorporated a two-state BTF model that accounts for the conversion between strained and unstrained BTFs as shown
In this scheme, the rate of formation of strained BTFs can be written as Because the number of BTFs is conserved, the above equation can be rewritten as
The two interconversion rates are functions of cellular strain arising from deforming a cell by externally applied stress. In particular, the on rate is
which mimics the straining of unstrained BTF heads. The form of the off rate,
was chosen to account for the hysteretic effects arising while the strained myosin heads unbind from an actin filament. Here k 0 off1 is a strain-independent off rate estimated from sensitivity analysis (electronic supplementary material, figure S3 ) by assuming that the strained BTFs convert to an unstrained state at a constant rate. The constants a 0 and b 0 are fitting parameters for calculating the strain rate and strain from the available deformation rate (dL p =dt); these were shown through sensitivity analysis (a 0 in the electronic supplementary material, figure S4 and b 0 in the electronic  supplementary material, figure S5 ).
The DE s described in equation (2.12) is now a function of fraction of strained myosin (f strained ) instead of total fraction (f)
The fraction of strained myosins bound to F-actin (f strained ) is now given by
This modified change in E s was incorporated into the feedback model by substituting the above equation into the expression for DE b described in equation (2.11) .
Simulations using this coupled model (figure 4b) showed that in the absence of external force, bound myosin BTFs are unstrained and their concentration is equal to the steady-state BTF concentration. Immediately after applying an external force, the concentration of strained BTFs increased, whereas that of unstrained BTFs decreased. Over time, however, the concentration of strained BTFs fell after reaching a peak, and the unstrained BTFs caught up. Simulations of this complete biomechanical feedback model, depicted in figure 5a, reproduced the biphasic natures of the myosin II accumulation (figure 5b) and cellular retraction (figure 5c) of cells.
To validate our complete model and the resulting simulations, we compared key features of the experiments (figure 2) with our simulations (figure 5b,c and the electronic supplementary material, figure S6) . First, our model captured the three phases of myosin accumulation, namely a rising phase, followed by a plateau and then a falling phase. Second, in the experiments, the peak myosin intensity was reached in 100-200 s. In the simulations, the peak intensity was reached in about the same time (figures 2 and 5b). With respect to the L p , the model reproduces the entire change in cellular morphology, starting before aspiration. However, the simulated cell retracted 50-100 s faster than those observed experimentally (compare figure 2 with figure 5c ).
These simulations assumed that the viscoelastic parameters (listed in table 1), measured over timescales 20-30 s long, do not change with deformation or with the ensuing myosin II accumulation. However, because the timescales of the experiments being recreated here are over a longer timescale (200-300 s), we might expect that the viscoelastic properties of cells might change over these longer timescales. Therefore, we tested a number of functional forms that assume that the viscoelastic parameters (particularly the elastic component) are altered as a function of cellular strain and myosin intensity 
Discussion
Regulated cell shape changes in the presence of internal and external disturbances, for example during cell division and cell motility, are a result of interlinked biochemical and mechanical feedback loops [32] . In this study, we have developed a biomechanical feedback model that explains the entire cellular response to a mechanical disturbance. Further, this biomechanical feedback model should be applicable to any monotonically retracting cell type, exhibiting biphasic mechanosensitive myosin accumulation. Our theoretical model aims at recreating the response of cells subjected to an aspiration pressure from a micropipette. In response to this applied force, cells first accumulate myosin II at the site of aspiration, and then use the contractility of myosin II to retract [10] . One of the advantages of this experimental set-up is that it isolates the response of the actomyosin network from that of other mechanosensory components such as integrins, cadherins and focal adhesions. In fact, MPA does not lead to accumulation of talin [13] . Because the mechanosensory response is seen at the end of the aspirated cell, where there is no physical connection to a substrate or another cell, it is clear that this response is independent of these other mechanosensory elements. We have also previously shown that the coupling of the actin network to the membrane is an important requirement for the transmission of force, and hence, the mechanosensory response considered here. Of course, in these other modes, this role would be played by transmembrane proteins such as integrins and cadherins.
To gain a systems-level understanding of the biomechanical regulation of cell shape change in response to external mechanical perturbations, we identified the functional modules responsible for cellular mechanosensing and cellular deformation based on experiments on Dictyostelium cells. The major module responsible for cellular mechanosensing is the force-dependent accumulation of myosin II involving the assembly -disassembly of myosin II BTFs [10, 12] . In our model, we coupled this to the viscoelastic properties of a cell to explain the biphasic mechanosensitive myosin accumulation and ensuing cellular deformation observed in WT and actin cross-linker-depleted mutant Dictyostelium cells.
The mechanisms for biphasic mechanosensitive myosin accumulation established here will be helpful in identifying the molecular mechanisms inherent in the interaction of myosin assembly inhibitors with myosin BTFs during mechanosensing. Clearly, increased contractile force from mechanosensitive myosin accumulation owing to loaddependent shifts in duty ratio is an important inhibitor of myosin accumulation. However, our simulations show that force feedback alone is not sufficient to reproduce the biphasic myosin accumulation kinetics.
The other well-established mechanism for myosin assembly regulation is myosin heavy chain phosphorylation by MHCKs. In Dictyostelium, three MHCKs (A, B, C) regulate myosin II assembly and maintain the available pool of free myosin II monomers by phosphorylating the myosin tail on three critical threonines [25, 33] . MHCKC is the major kinase that co-localizes with cortical assembled myosin II heavy chain [25, 34] . Further MHCKC accumulates along with myosin II during mechanosensitive localization [14] . This colocalization of MHCKC with myosin raises the following question: how does myosin reach its peak accumulation despite colocalizing with its inhibitor MHCKC? We suggest that when myosin BTFs are mechanically strained, MHCKC cannot access its phosphorylation sites to disassemble BTFs, hence contributing to the peak mechanosensitive accumulation. However, these strained BTFs cannot remain strained indefinitely and hence turn into a relaxed state, which may then be freely accessible to MHCKC for phosphorylation leading to a drop in mechanosensitive myosin accumulation. Together with the force feedback, the strained myosin-actin unbinding theory is one way to quantitatively account for the conversion between different BTF states (stressed and relaxed) and hence the biphasic myosin accumulation in response to external stress. We note a recent model that also considers the role of myosin in relaxation of actin stress fibres [35] .
Additional evidence for this proposed cross-talk between the mechanosensitive motor and the thick filament regulation is found in our observations of engineered 3xAsp, 3xAla and 2xELC-3xAsp myosin motors [36] . In these motors, the critical threonines are mutated to either aspartic acids (3xAsp) or alanines (3xAla). The former mimics the heavy chain phosphorylation state of myosin leading to impaired BTF assembly. In contrast, 3xAla motors accumulate at higher levels than WT motors at the cleavage furrow of dividing cells [37, 38] . Interestingly, neither motor responds to aspiration pressures [12] , suggesting that the thick filament regulation is not sufficient to account for mechanosensitive accumulation. The incorporation of a second essential light chain binding site (2xELC) into otherwise normal myosin II motors results in highly mechanosensitive cells when compared with WT [12, 13] . When these two mutations are combined by forming a 2xELC-3xAsp myosin motor, cells show intermediate BTF assembly, cleavage furrow accumulation and myosin II function when compared with 3xAsp and WT myosin II proteins, thus demonstrating cross-talk between the mechanosensitive motor and the BTF assembly process.
Finally, in our model, the coupling of the complete biomechanical feedback system to the viscoelastic state of a cell reproduces the cellular retraction resulting from the biphasic myosin accumulation, particularly in dividing cells and in interphase actin cross-linker-depleted mutant Dictyostelium cells [10, 13] . This biomechanical feedback model allows us to account for a complete cell morphological response to applied stress from a single signal input, namely mechanical stress. In the model, the cell deforms, the molecular machinery mobilizes, redistributes, assembles and generates mechanical stress, and the cell morphology responds in a manner observed in real cells. This biomechanical feedback system establishes a framework for understanding cell shape regulation, which is driven by the regulated assembly of myosin BTFs.
Most significantly, this system likely explains the myosin IIdependent cellular responses to mechanical stress. For example, it is now established that accumulation of myosin at the cell rear is essential for motility in three-dimensional, but not twodimensional microenvironments ( [39] and references therein). Our model supports the hypothesis that this accumulation is driven by the force acting on the actin filaments at the rear of cells in three-dimensional environments, which is expected to be much greater than that of a cell migrating on a twodimensional surface. Our model also explains how the resultant increase in the experienced force will drive myosin II accumulation and, subsequently, retraction of the rear of the cell.
